Epidural pressure, CSF pressure (CSFP ), ven tricular fluid pressure, cisterna magna pressure, and subdural pressure can readily be measured within the intracranial cavity. These pressures are nearly the same under normal conditions. However, if brain volume increases, the measurement of these pressures is of limited value to detect increasing pressure within the tissue itself.
Previous researchers focused on the measure ment of brain tissue pressure in various experi mental designs (Brock et aI., 1975; Halsey et aI., 1975; Tu lleken et aI., 1975) . Some failed to find dif ferent tissue pressures in ischemic brain by either the wick-type or the catheter-tip pressure trans ducer method (Halsey et aI., 1975; Tu lleken et aI, 1975) . On the other hand, Reulen et al. (1977) dem onstrated that the formation of vasogenic edema was associated with an increase in interstitial fluid pressure in white matter adjacent to the cortical le-1 MCAO, establishing a significant pressure gradient be tween that tissue and the lateral ventricle nearby or the subarachnoid space in the middle fossa within the first 3 h. The increase in tissue pressure was linearly related to the amount of edema fluid that developed until the edema reached a severe degree. This study shows that a hydro static tissue pressure gradient within ischemic cortex is associated with ischemic brain edema. The magnitude of the gradient that develops is related to the severity of ischemic edema in that tissue. Key Words: Brain edema-Brain ischemia-CBF-Hydrostatic pressure gradient-Intracranial pressure-Tissue pressure.
sion using the wick technique. It was postulated that a hydrostatic pressure gradient was the driving force for the movement of edema fluid from the lesion to the ventricular system. They concluded that tissue pressure gradients play an important part in the development and resolution of cold-induced vasogenic brain edema.
We developed an accurate recording method for assessing tissue pressure (Iannotti et aI., 1984) . In addition, we showed that a tissue pressure gradient develops between ischemic and nonischemic re gions of subcortical structures after middle cerebral artery (MCA) occlusion (MCAO) and that the gra dient is directly related to focal ischemic brain edema (Iannotti et aI., 1985) .
The present experiment was designed to study tissue pressure gradients within ischemic cortex fol lowing MCAO and to determine the degree of ische mia that affects those gradients. We sought to clarify the relationship between tissue pressure gra dients, ischemic edema, and CBF in adjacent re gions that were made variably ischemic.
MATERIALS AND METHODS

Surgical preparation
Adult cats (2.0-4.5 kg) were anesthetized with intra peritoneal sodium pentobarbital (30 mg/kg). Cannulas were placed in the femoral artery and vein to measure systemic arterial pressure (SAP ), to sample arterial blood gases, hematocrit, and serum osmolality, and to admin ister drugs as necessary. All animals underwent trache ostomy, were paralyzed with gallamine triethiodide (1.5 mg/kg i.v.), and were mechanically ventilated with a Har vard respirator. Each animal was held in the sphinx po sition by a stereotactic apparatus. Body temperature and blood gases were maintained within physiological limits by a heating pad and ventilator adjustment, respectively. The end-tidal carbon dioxide was continuously monitored and maintained within the physiological range.
The left MCA was exposed by the transorbital ap proach. After the dura was opened and the arachnoid membrane incised, the MCA was occluded with bipolar coagulation proximal to the lateral lenticulostriate artery. The dural opening was then sealed with oxidized cellulose and rapid-drying tissue glue.
Two small craniectomies were made in the left tem poroparietal area to accommodate apparatus for the mea surement of tissue pressure, regional CBF (rCBF), and CSFP. One craniectomy was placed posterior to the coronal suture exposing the anterior lateral gyrus, ana tomically a "peripheral area" of the MCA perfusion ter ritory in the cat. The second was placed posterior to the zygomatic bone to expose the sylvian gyrus, anatomically a "central core area" of the MCA perfusion territory. A burr hole was made in the right parietal bone at the co ordinates Al2 L45 H� (Snider and Niemer, 1970) to ac commodate the needle system for the measurement of ventricular fluid pressure. All exposed regions were sealed with moistened oxidized cellulose and dental ce ment.
Tissue pressure, ventricular fluid pressure,
and CSFP
Tissue pressure was measured with our own modifi cation of Marmarou et al.'s method (1976) , previously described elsewhere (Iannotti et a!., 1984) . Briefly, a P23IB Statham pressure transducer was connected to a l-cc syringe, held in a Harvard constant infusion pump, attached to a needle (outside diameter = 0.635 mm, in side diameter = 0.343 mm). Connections were made via PE-50 tubing through a three-way stopcock attached to a transducer. The system was filled with saline, free of air bubbles. Needles were introduced with the aid of an op erative microscope from an oblique angle into the cortex. If bleeding around the tip of a needle was detected at that time or Evans blue staining in the area was observed later, the experiment was discarded. CSFP from the left tem poroparietal area was measured with a similar needle system. Ventricular fluid pressure was measured with a 23-gauge needle inserted stereotactically into the right lat eral ventricle. The needle was connected to a P23ID Sta tham transducer by polyethylene tubing. All pressure systems were zeroed at the level of the interaural line. rCBF rCBF was measured by the hydrogen clearance method. A 250-f.Lm-diameter Te flon-coated platinum elec trode, with the tip exposed 0.5 mm, was placed 2 mm posterior to each tissue pressure needle. A silver chloride reference electrode was placed in the temporal muscle. Hydrogen gas (4-7%) was administered for �2 min through the inspired air. The desaturation curves were analyzed by the initial slope method (Pasztor et aI., 1973) .
Brain water content After death the brain was removed. Coronal sections (2.0 mm thick) were immediately cut at the level of the tissue pressure needles and immersed in kerosene. Two tissue samples (I mm each) were taken from the gray matter surrounding each tissue pressure needle, under lying white matter, centrum semiovale, and internal cap sule in both the ipsilateral and contralateral sides. Sam ples were dropped into a kerosene-bromobenzene column for specific gravity determination (Nelson et aI., 197 I) . The specific gravity of brain tissue solids is not altered in edematous brain. A change in specific gravity was considered to be the result of a change in water con tent and to present an accurate measure of edema.
Blood-brain barrier
Evans blue (2% solution, 2 mllkg) was given intrave nously 15 min before death. The extravasation of Evans blue was examined macroscopically after death with the aid of an operative microscope.
Experimental protocol
SAP, end-tidal CO" ventricular fluid pressure, CSFP, and tissue pressure were measured continuously with a Gould electrostatic recorder. When steady state had been maintained for I h, the MCA was occluded in 29 cats. rCBF was measured before and hourly after occlusion. Six cats were killed after I h of occlusion, 8 after 3 h of occlusion, and 15 after 6 h of occlusion. Five control cats were killed 6 h after a sham operation. The presence or absence of Evans blue was determined and water content was measured in all cats after death.
Statistical significance of results was determined by Student's t test. p < 0.05 was considered significant. All values were expressed as means ± SE.
RESULTS
General physiological effects
Mean SAP, arterial blood gases, hematocrit, and serum osmolality in 29 cats with MeAO are sum marized in Ta ble I. SAP did not change significantly before or after MeAO and remained in the nor motensive range throughout each experiment. Serum osmolality and hematocrit did not change significantly after occlusion of MeA. Arterial blood pH, Pco2, and P02 were maintained within normal limits in all animals. Data from animals with MeAO did not differ from that recorded from sham-oper ated controls. rCBF reBF was measured in 29 cats with I, 3, and 6 h of MeAO and in five cats with sham occlusions. The mean preocclusion flow in the core of the MeA territory (sylvian gyrus) was 46. 17 ± 1.55 mlllOO g/ min and 44.96 ± 2.64 mIll 00 g/min in the periphery (lateral gyrus). These values were similar to those of the control animals.
Significant focal ischemia was seen in all 29 ani mals after MeAO. Immediate postocclusion ische- mia was equally severe in both periphery and core regions in four cats, and flow was moderately re duced in both the core and the periphery in three. Data from these seven cats were discarded from this study because those flow values indicated that elec trodes were positioned in areas with similar degrees of baseline ischemia and not in the intended core and peripheral zones of the MCA perfusion terri tory.
The reduction of rCBF in the core was signifi cantly greater than in the periphery during the 6 h after MCAO in the remaining 22 cats. rCBF fell to 5.75 ± 0.98 mi/ IOO g/min in the core and 19.20 ± 2.50 mlllOO g/min in the periphery I h after MCAO. The flows did not fall further over the next 5 h (Fig.  1) . These data indicate a severe effect of MCAO in the core zone of the MCA territory compared with that in the peripheral zone where perfusion was pre sumably preserved in part by collateral circulation. 
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o In The Core Brain tissue water content
The change of water content in the core and the periphery at I, 3, and 6 h after MCAO is shown in Fig. 2 (left). Significant reduction in specific gravity was confined to the core of the MCA territory where it developed within I h of occlusion. The reduction of specific gravity in the core progressed at 3 and 6 h after MCAO, reaching 1.0368 ± 0.0004 at its maximum. In the periphery of the MCA ter ritory. there was a significant decrease in specific gravity 6 h after MCAO, but water content did not increase before that when compared with values from the contralateral hemisphere. Maximal in crease of water content in the ischemic peripheral zone was also less than that in the core.
Specific gravity values for the underlying white matter in the core and the periphery. the centrum semiovale. and the internal capsule 6 h after MCAO are shown in Fig. 2 (right) . The increase of water content in white matter underlying the core of the ischemic lesion was marked. In fact, the reduction of specific gravity values in white matter underlying the ischemic core cortex was equal to that of the core cortex itself. In contrast, water content in the internal capsule. the centrum semiovale, and the white matter underlying the peripheral gray matter of the MCA territory increased only slightly when compared with values for similar tissue from the contralateral hemisphere or for normal tissue from sham-operated controls.
Blood -brain permeability
There was no extravasation of Evans blue in the brains of all cats killed at any time up to 6 h after MCAO or sham occlusion. vian and lateral gyri were recorded effectively without altering the blood-brain barrier, brain water content, or rCBF, as previously described in similar experiments (Iannotti et aI., 1984) . The con trol values of tissue pressure in the lateral and syl vian gyri were 6.5 ± 0.5 and 7.2 ± 0.4 mm Hg, respectively. They approximated the values of 6.0 ± 0.6 mm Hg for ventricular fluid pressure. There was no significant difference between tissue pres sure at the two sites and ventricular fluid pressure over 6 h in sham-operated controls. Tissue pressure, ventricular fluuid pressure, and CSFP were measured from 22 cats in which the reduction of flow was more severe in the core than in the periphery after MCAO. Figure 3 shows the mean values of tissue pressure and ventricular fluid pressure recordings in 17 cats killed 1, 3, and 6 h after MCAO. The values of tissue pressure and ven tricular fluid pressure before MCAO were similar to those found in control animals. Tissue pressure in the core increased progressively and to a greater degree than ventricular fluid pressure or tissue pres sure in the periphery. The rate of rise slowed near the end of the 6-h period. Peak tissue pressure in the core was 14.8 ± 1.0 mm Hg 6 h after occlusion, whereas that in the periphery rose to 9.5 ± 0.5 mm pressures were significantly greater than the base line control 6 h after MCAO.
The first significant difference between tissue pressure in the core and in the periphery after MCAO developed within 3 h, and was maintained at the same level for the next 3 h (Fig. 4) . The mean tissue pressure gradient between the core and the peripheral zone cortex was 5.3 mm Hg 6 h after occlusion. A pressure gradient between tissue pres sure in the core and ventricular fluid pressure also developed from 3 to 6 h after occlusion, reaching a maximum of 4. 8 ± 0.8 mm Hg. In contrast, ven tricular fluid pressure and tissue pressure in the pe riphery did not differ. Figure 5 shows mean values of ventricular fluid pressure and CSFP in five cats with 6 h of MCAO. CSFP before occlusion was 6.7 ± 1.0 mm Hg, not significantly different from that of ventricular fluid pressure or tissue pressure at the same time. Al though CSFP increased to 9.7 ± 1.3 mm Hg 6 h after occlusion, no significant difference between ventricular fluid pressure and CSFP was found during the 6 h after occlusion. These findings dem onstrated that a tissue pressure gradient developed between the core and the periphery of the MCA territory. A gradient also developed between tissue pressure in the core and ventricular fluid pressure or CSFP. There was no pressure gradient between Tissue pressure, rCBF, and edema
The mean change in tissue pressure was corre lated with mean rCBF or water content in the core and the \1eri\1her'i 1, 3, and 6 h after occlusion (Fig.  6) . Tissue pressure in the ischemic core, with a flow of �5 mlllOO g/min, increased more than that in the periphery where flow was � 19 mi/lOO g/min. How ever, the increase in tissue pressure did not corre late with further reduction of flow in either ischemic zone. In contrast, after an ischemic insult the in crease in tissue pressure was linearly related to the amount of edema fluid that developed, but only until the edema reached a severe degree. Then in creasing edema and increasing tissue pressure failed to correlate directly.
DISCUSSION
After MCAO a marked and immediate decrease in rCBF occurred in the perfusion territory of that artery, most pronounced in the core and least in the periphery of the ischemic zone. The initial reduc tion of rCBF after ischemia was not followed by a further decrease in flow with time, averaging 5.0 mlilOO g/min in the core and 19.0 mIIlOO g/min in the periphery over the 6 h following occlusion. With decreased flow during the ischemic period, in creased water content was noted in the core of the MCA territory as early as 1 h after occlusion and it continued to rise at 3 and 6 h. In the periphery of the ischemic lesion, on the other hand, a small but significant increase in water content was first de-
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• In The Core tected 6 h after ischemic insult. These findings con firmed previous studies that showed that edema formed when reBF fell below a critical threshold (Astrup et aI., 198 1) . Symon et al. (1979) reported no significant in crease in water content in the parasagittal region if mean terminal flow fell to 23.4 mill00 g/min 2 h after MeAO in baboons. Bell et al. (1985) noted that a significant edema formed in the ischemic cortex with a flow of < 19 millOO g/min at 100 min after MeAO in baboons. Our findings indicate that slight edema does develop in the periphery of the ische mic lesion within 6 h of MeAO in cats, even though flow is relatively preserved (19. 20 ± 2. 50 millOO g/min). The present study further suggests that occlusion of a major end artery of the brain may cause edema of varying degrees in and around the region supplied by that artery, depending on the duration and depth of the ischemia.
We have demonstrated that tissue pressure is re lated to reBF and water content in focally ischemic cortex. Our results confirm previous work showing that brain edema causes tissue pressure to rise in deep structures made permanently ischemic (Ian notti et ai., 1985) . Furthermore, in the present study, a tissue pressure gradient developed between adjacent cortical areas in the same ischemic hemi sphere. The tissue pressure in the core of the ische mic lesion was higher than that in the periphery. The tissue pressure in the periphery, with a de crease in reBF of -19 mlllOO g/min to that area, increased only slightly.
Tu lleken et ai. (1975) and Halsey et al. (1975) failed to find regional differences in brain tissue
pressure from cats with MeAO. Both measured tissue pressure from white matter only. Kuchiwaki et al. (1984) recently reported that tissue pressure in the marginal areas of an experimental cerebral infarct in dogs was actually higher than that in the core. Our findings differ from those noted above. We measured tissue pressure and reBF in the same regional ischemic cortex simultaneously and water content of that same tissue terminally. Our study suggests that the tissue pressure gradient that de velops within the ischemic cortex is closely asso ciated with the degree of brain edema that develops there.
This study also has shown that tissue pressure increases progressively in the ischemic cortex, then stabilizes. Tissue pressure does not continue to rise as water accumulates in the ischemic cortex. The tissue pressure rise to an elevated state of equilib rium is consistent with Rapoport's theoretical model of vasogenic edema (1978) , in which the time course of tissue pressure is related to the rate of edema formation, the tissue hydraulic resistance, the tissue compliance, and the resolution of edema. Marmarou et al. (1976) also have demonstrated that tissue pressure gradients dissipate in the absence of continued edema formation because of fluid dis placement and edema resolution. The plateau of the tissue pressure that developed in our study of ische mic edema was probably related to the effects of tissue compliance and/or the tissue resistance, since the net volume accumulation of ischemic tissue (edema formation minus resolution) increases with time.
This study also demonstrated that hydrostatic pressure gradients develop within the cranial cavity soon after the onset of ischemia. Those gradients appeared between the ischemic and nonischemic hemisphere, between the different edematous tis sues within the ischemic lesion in the same hemi sphere, and between the edematous tissue and the ventricles or subarachnoid spaces.
Although there was no extravasation of Evans blue in the ischemic brain 6 h after MCAO in the present study, the increase of water content was greatest beneath the cortex of the ischemic core. At the same time, a hydrostatic pressure gradient de veloped between the edematous cortex and ventric ular fluid pressure or CSFP. This phenomenon has been shown earlier by Reulen et al. (1977) in cold injury studies. We suggest that hydrostatic pressure gradients may contribute to the spread and/or res olution of edema fluid through white matter or to the adjacent subarachnoid space in focal ischemia as well.
It is evident that the increase in tissue water comes mostly from the circulating blood, because global ischemia with complete circulatory arrest has not been accompanied by edema despite a shift of water from the extracellular to the intracellular compartment (Hossman, 1976) . This implies a net gain of tissue water across the blood-brain barrier even before the barrier opens to macromolecules (O'Brien, 1979; Kogure et aI. , 198 1) . The hydro static pressure gradient produced between the cir culating blood and the surrounding brain tissue may be a fundamental factor in early water accumula tion, in addition to increased osmotic pressure and metabolic failure. Shima et al. (1983) reported that pial artery pres sure in the MCA territory in cats falls to a range of 10-16 mm Hg after MCAO. Our study of tissue pressure in ischemic cortex showed that that in the core and the periphery of MCA territory developed to 14.8 and 9.5 mm Hg, respectively. Accordingly, the transmural hydrostatic pressure gradient at the capillary level must be higher in the periphery than in the core of the ischemic lesion and may be close to zero in the core itself. The combined effects of altered capillary transmural pressure gradients and ischemia-induced changes in the blood-brain bar rier must play an important role in the amount of edema formation in the area surrounding the ische mic lesion. This supposition is supported by other studies showing that induced arterial hypertension causes an increase in edema, particularly in the pe riphery of an ischemic lesion (S. Hatashita and 1. T. Hoff, 1986, in preparation) .
